Abstract: Exergy analyses are essential tools for the performance evaluation of water desalination and other separation systems, including those featuring membrane distillation (MD). One of the challenges in the commercialization of MD technologies is its substantial heat demand, especially for large scale applications. Identifying such heat flows in the system plays a crucial role in pinpointing the heat loss and thermal integration potential by the help of exergy analysis. This study presents an exergetic evaluation of air-gap membrane distillation (AGMD) systems at a laboratory and pilot scale. A series of experiments were conducted to obtain thermodynamic data for the water streams included in the calculations. Exergy efficiency and destruction for two different types of flat-plate AGMD were analyzed for a range of feed and coolant temperatures. The bench scale AGMD system incorporating condensation plate with more favorable heat conductivity contributed to improved performance parameters including permeate flux, specific heat demand, and exergy efficiency. For both types of AGMD systems, the contributions of the major components involved in exergy destruction were identified. The result suggested that the MD modules caused the highest fraction of destructions followed by re-concentrating tanks.
Introduction
Exergy studies on membrane-based desalination and water purification technologies such as reverse osmosis (RO) and membrane distillation (MD) focus on evaluating the exergetic efficiencies of the components, mainly membrane modules. Unlike energy, exergy is destroyed and can only be conserved when all processes occurring in a system and its surrounding environment are reversible [1] . This thermodynamic irreversibility in a system can be quantified and referred to as exergy destruction. Therefore, the exergy efficiency of processes is a measure of their approach to ideality or reversibility [2] . The exergy rates in streams of processes associated with heat transfer such as MD depend mainly on the temperature at which the process occurs in relation to the temperature of the environment. The exergy efficiencies of such processes are dependent on heat recovered and heat losses through module surfaces to the surrounding atmosphere. Hence, exergy analysis provides unique insights into the types, locations, and causes of losses and aids in identifying improved thermal integration.
Membrane distillation involves the separation of water from a preheated feed by subjecting it to phase change and the subsequent passage through a hydrophobic porous membrane to yield pure water upon condensation. Membrane distillation requires heat to evaporate the feed and electricity for the low pressure pumps. The heat sources used in MD include solar [3] [4] [5] [6] [7] , district heat [8] , or waste heat [9, 10] . Though low-grade heat is sufficient to drive the MD process, thermal energy demand is heat sink temperatures when integrated with other processes. Such aspects have not been covered in sufficient detail in previous studies. Moreover, to the authors' knowledge, air gap membrane distillation (AGMD) has not been previously considered in this context.
The main objective of this study was to evaluate the exergy efficiencies and destruction of AGMD systems. The analyses are based on two types of semi-commercial AGMD modules for a new application of water treatment where contaminants in the feed are at relatively low concentrations. The study covers calculations of the exergy destruction contributions of the components of each MD system considered. Additionally, effects of feed-coolant temperature differences are analyzed, and comparisons are made with other studies on similar and related water purification systems.
Materials and Methods
Thermodynamic properties of streams used for the calculation of exergy analyses were obtained from testing two AGMD modules, Xzero and Elixir500 at IVL Hammarby Sjöstadsverk and KTH, respectively. Both modules have identical membrane materials of PTFE with PP backing but differ in the total membrane area and the nature of the condensation surface. The Xzero unit was originally intended for industrial applications such as semiconductor fabrication facilities (fabs), whereas the Elixir500 unit was designed for small-scale water purification. The Xzero module utilizes PP plates and the Elixir500 module employs a thin plate of stainless steel condensation surface, the same design as plate-and-frame heat exchangers. Both MD modules are assembled and supplied by Scarab Development AB. More information on these modules can be found in the literature [8, 18] .
Experimental Setup for the Pilot AGMD System
The pilot MD system analyzed in this study consists of 10 AGMD modules arranged in five cascades, each containing two modules connected in series. Figure 1 shows the photograph of the pilot MD system. The AGMD system is connected to the district heating network through heat exchangers, which supply the heat required to heat up the MD feed. The major components include the AGMD modules, the recirculation tank with a 1 m 3 capacity, and an expansion tank for pressure balancing on the coolant side. Two plate and frame heat exchangers (nominal capacity of 300 kW, working temp. of 0-170 • C) and two pumps (each 2.2 kW power demand at Q max = 17 m 3 /h and H max 28.7 m pressure head) are also connected.
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Experimental Setup for the Pilot AGMD System
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Experimental Setup for Bench Scale AGMD
The bench scale AGMD module includes a thin plate of stainless steel inserted as a condensation plate, an effective membrane area of 0.19 m 2 , with an 80% porosity and a 0.2 mm thickness. Figure 3 shows a photograph of the Elixir500 lab unit tested at KTH. In Figure 4 , the schematic diagram shows the main components and water streams (1-8) considered during analyses. The red lines show streams on the hot feed side of the module and the blue lines for the streams on the cooling side. Stream 8 refers to the permeate collected from the 
The bench scale AGMD module includes a thin plate of stainless steel inserted as a condensation plate, an effective membrane area of 0.19 m 2 , with an 80% porosity and a 0.2 mm thickness. Figure 3 shows a photograph of the Elixir500 lab unit tested at KTH. pore size, and an 80% porosity. The size of one module is 63 cm wide and 73 cm high, with a stack thickness of 17.5 cm. During the experiments, data was logged for parameters connected to the control system. PT100 thermocouples (range: −50 °C-200 °C, accuracy: ±4 °C) installed close to the MD module's inlet and outlet streams were used to measure temperatures. FLEX-F flow sensors (linear flow range: 2-150 cm/s, accuracy: ±10 cm/s) were used to measure the flow rates of streams, which were recorded by the control system. System control and data (temperature, pressure, and the flow rates of the feed and cooling water) were registered on a personal computer with Citect Runtime SCADA software installed. A YOKOGAWA DC402G dual cell conductivity analyzer (ranges of detection 1 μS/cm-25 mS/cm and accuracy of ±0.5%) was introduced to monitor the conductivity of the product water. 
The bench scale AGMD module includes a thin plate of stainless steel inserted as a condensation plate, an effective membrane area of 0.19 m 2 , with an 80% porosity and a 0.2 mm thickness. Figure 3 shows a photograph of the Elixir500 lab unit tested at KTH. In Figure 4 , the schematic diagram shows the main components and water streams (1) (2) (3) (4) (5) (6) (7) (8) considered during analyses. The red lines show streams on the hot feed side of the module and the blue lines for the streams on the cooling side. Stream 8 refers to the permeate collected from the In Figure 4 , the schematic diagram shows the main components and water streams (1-8) considered during analyses. The red lines show streams on the hot feed side of the module and the blue lines for the streams on the cooling side. Stream 8 refers to the permeate collected from the module. The bench scale MD unit consists of one MD unit module, a 20 L capacity heating, a recirculating tank, two pumps for each of the coolant, and feed streams. Two heaters immersed in the tank with a combined heating rate of 4.5 kW provide temperature control for the feed water.
Appl. Sci. 2017, 7, 301 5 of 11 module. The bench scale MD unit consists of one MD unit module, a 20 L capacity heating, a recirculating tank, two pumps for each of the coolant, and feed streams. Two heaters immersed in the tank with a combined heating rate of 4.5 kW provide temperature control for the feed water. The obtained permeate was returned to the feed tank so that feed concentration would be constant over the course of experimentation. In order to measure the feed and cold-side temperatures, thermocouples were installed at the inlets and outlets of the module and were connected to a data logger (Keithley 2701 DMM with a 7706 card). Once-through tap water was used as a heat sink, which exchanges heat with an external water to vary coolant temperature. Rotameters with built-in control valves measured feed and coolant water flow rates. Product water was measured with a graduated cylinder and stopwatch, typically during a 30 min period of steady operation.
The reference state and experimental conditions are given in Table 1 . Data for the exergy analysis is taken for one cascade of MD modules containing two modules connected in series. Pressure drops across the MD modules are very low-less than 0.019 MPa. The concentration of total dissolved solutes in the feed water is also relatively low in comparison to seawater desalination applications (two orders of magnitude or less). As the three different cases have different feed and cooling temperatures, the exergy rates will be mainly affected by them. 
Exergy Analysis Methods
The exergy rates of each stream throughout the MD systems and the exergy efficiencies of the MD modules are analyzed by taking the basic exergy definitions [1] and relationships for MD models as reported in the literature [5, 6, 9] . The intensive parameters governing the MD process are temperature and composition, and exergies related to kinetic and potential are not considered. Hence, the exergy rate is the sum of the physical and chemical exergies of streams as given by Equation (1).
Exph represents the thermomechanical exergy based on the temperature of the stream, and Ex refers to the chemical exergy from the chemical potentials of the solute components in the stream. The obtained permeate was returned to the feed tank so that feed concentration would be constant over the course of experimentation. In order to measure the feed and cold-side temperatures, thermocouples were installed at the inlets and outlets of the module and were connected to a data logger (Keithley 2701 DMM with a 7706 card). Once-through tap water was used as a heat sink, which exchanges heat with an external water to vary coolant temperature. Rotameters with built-in control valves measured feed and coolant water flow rates. Product water was measured with a graduated cylinder and stopwatch, typically during a 30 min period of steady operation.
The exergy rates of each stream throughout the MD systems and the exergy efficiencies of the MD modules are analyzed by taking the basic exergy definitions [1] and relationships for MD models as reported in the literature [5, 6, 9] . The intensive parameters governing the MD process are temperature and composition, and exergies related to kinetic and potential are not considered. Hence, the exergy rate is the sum of the physical and chemical exergies of streams as given by Equation (1). Ex = Ex ph + Ex ch (1) Ex ph represents the thermomechanical exergy based on the temperature of the stream, and Ex Ch refers to the chemical exergy from the chemical potentials of the solute components in the stream. The physical exergy can be expressed in terms of heat enthalpies and entropies at the specified condition (h, s) and reference condition (h o , s o ) by Equation (2) .
The individual exergies due to pressure and temperature are calculated independently and sum up to the physical exergy. Even though the working pressure in MD is generally very low, its effect could be detected in exergy destruction calculations due to pressure changes, especially in series configured modules. These pressure and temperature related exergies are given as follows, in Equations (3) and (4) [5, 10] .
Chemical exergy based on the chemical potentials or concentrations (C) of the components in the stream is calculated as in Equation (5).
where N s = (1000 − ∑ C i / )/MW s (6) and
The exergy change across the MD module or any other component of the MD system is calculated from the differences in inlet and outlet exergies as
The second-law efficiency of the MD system is the ratio of the minimum exergy input required (which is equivalent to the minimum work of separation) to the total actual exergy input:
The minimum work input required for the MD process is the difference between outgoing and incoming total exergies of the hot stream: W min = Ex permeate + Ex feed out − Ex feed in (10) The exergy destruction due to irreversibility in the process is calculated by subtracting exergy determined from the second-law entropy generation [1] according to the Gouy-Stodola formula:
where T o is the reference temperature, and S gen is the entropy generated due to irreversibility of the process, given as S gen = ∆S total = ∆S source + ∆S sink = Q source /T source + Q sink /T sink (12) where the Q source and Q sink represent the heat lost and gained from the heat source and sink, respectively. The electrical exergy input for the pumps is
where ∆P is the pressure head in Pa and η p is for pump efficiency. The exergy of electric power involved for the pumps is equal to the energy and taken as pure exergy. For simplicity, the exergy destroyed can be expressed as a percentage as related to the exergy input:
Ex dest % of a component is then calculated the fraction of exergy destruction by the particular component in comparison to the total destroyed exergy, Ex dest % = Ex dest i Ex dest total (15) where Ex dest i is the exergy destroyed in component i, and Ex dest total is the total exergy destroyed in the MD system.
Results and Discussion

Exergy Efficiency of the AGMD Modules
Results from the permeate production rates for the two types of AGMD units are summarized in Figure 5 in terms of kilogram per square meter of membrane per second (kg/m 2 s). The flux decreases as the temperature difference decreases across the MD module, which is due to the decline in the rate of condensation and concomitant drop in transmembrane transport of vapor across the membrane as the temperature difference decreases. Higher specific heat demands accompany this increase in permeate flux with increasing ∆T. The lower feed temperature condition generally shows a lower permeate flux, as observed for Xzero module's performance at 65 • C and 80 • C. When fluxes from the two MD modules are compared, the flux from Elixir500 MD unit is nearly three times higher than that from the Xzero MD unit at the same feed temperature and ∆T (65 • C).
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Exergy Efficiency of the AGMD Modules
Results from the permeate production rates for the two types of AGMD units are summarized in Figure 5 in terms of kilogram per square meter of membrane per second (kg/m 2 s). The flux decreases as the temperature difference decreases across the MD module, which is due to the decline in the rate of condensation and concomitant drop in transmembrane transport of vapor across the membrane as the temperature difference decreases. Higher specific heat demands accompany this increase in permeate flux with increasing ΔT. The lower feed temperature condition generally shows a lower permeate flux, as observed for Xzero module's performance at 65 °C and 80 °C. When fluxes from the two MD modules are compared, the flux from Elixir500 MD unit is nearly three times higher than that from the Xzero MD unit at the same feed temperature and ΔT (65 °C). The other thermodynamic performance parameters: exergy efficiency, exergy destruction, and specific heat input are summarized for both modules in Figures 6 and 7 . For both modules types, exergy efficiency improves when the feed-coolant temperature difference goes up. For the Xzero unit at a feed of 80 °C, exergy efficiency more than doubled as ΔT increased from 30 °C to 65 °C. This increase is linked to the improved heat recovery at the heat sink for a higher ΔT. This is evidently observed from the decrease in exergy destruction at a higher ΔT compared to lower levels ( Figure 7) . The trend is similar for both feed temperatures of 80 °C and 65 °C. However, the lower feed temperature condition generally shows lower exergy efficiency and higher exergy destruction when compared to the corresponding performance at higher feed temperatures. For this MD unit, it can be The other thermodynamic performance parameters: exergy efficiency, exergy destruction, and specific heat input are summarized for both modules in Figures 6 and 7 . For both modules types, exergy efficiency improves when the feed-coolant temperature difference goes up. For the Xzero unit at a feed of 80 • C, exergy efficiency more than doubled as ∆T increased from 30 • C to 65 • C. This increase is linked to the improved heat recovery at the heat sink for a higher ∆T. This is evidently observed from the decrease in exergy destruction at a higher ∆T compared to lower levels ( Figure 7) . The trend is similar for both feed temperatures of 80 • C and 65 • C. However, the lower feed temperature condition generally shows lower exergy efficiency and higher exergy destruction when compared to the corresponding performance at higher feed temperatures. For this MD unit, it can be said that a higher feed temperature and ∆T favor higher flux and exergy efficiency and lower exergy destruction than lower ∆T cases, of course at the expense of additional specific heat demand.
Appl. Sci. 2017, 7, 301 8 of 11 Figure 6 . Performance of Xzero and Elixir500 AGMD systems regarding exergy efficiency and specific heat demand at different feed-coolant temperature differences for fixed feed temperatures of 80 °C (for both modules) and 65 °C (only for Xzero). Similarly, for the bench scale AGMD unit, the general trend in the performances with a change in ΔT is the same as that of the results from the pilot-scale AGMD system. The effect of improved condensation in the Elixir500 module is reflected in the higher specific heat input owing to the higher heat transfer across the module. Hence, higher exergy efficiency and lower exergy destruction is achieved for the Elixir500 unit as compared to the Xzero module. The lower specific heat demand for the Xzero module results from the reduced heat transfer across the condensation plate in comparison to the other module, though the Xzero showed severe heat losses from the frames and cover to the surrounding atmosphere by free convection [8] . For both types of MD systems, it is evident that a lower temperature difference across the module reduces performance, including the permeate flux and exergy efficiency. ε%(Elixir500) Figure 6 . Performance of Xzero and Elixir500 AGMD systems regarding exergy efficiency and specific heat demand at different feed-coolant temperature differences for fixed feed temperatures of 80 • C (for both modules) and 65 • C (only for Xzero).
Appl. Sci. 2017, 7, 301 8 of 11 Figure 6 . Performance of Xzero and Elixir500 AGMD systems regarding exergy efficiency and specific heat demand at different feed-coolant temperature differences for fixed feed temperatures of 80 °C (for both modules) and 65 °C (only for Xzero). Similarly, for the bench scale AGMD unit, the general trend in the performances with a change in ΔT is the same as that of the results from the pilot-scale AGMD system. The effect of improved condensation in the Elixir500 module is reflected in the higher specific heat input owing to the higher heat transfer across the module. Hence, higher exergy efficiency and lower exergy destruction is achieved for the Elixir500 unit as compared to the Xzero module. The lower specific heat demand for the Xzero module results from the reduced heat transfer across the condensation plate in comparison to the other module, though the Xzero showed severe heat losses from the frames and cover to the surrounding atmosphere by free convection [8] . For both types of MD systems, it is evident that a lower temperature difference across the module reduces performance, including the permeate flux Similarly, for the bench scale AGMD unit, the general trend in the performances with a change in ∆T is the same as that of the results from the pilot-scale AGMD system. The effect of improved condensation in the Elixir500 module is reflected in the higher specific heat input owing to the higher heat transfer across the module. Hence, higher exergy efficiency and lower exergy destruction is achieved for the Elixir500 unit as compared to the Xzero module. The lower specific heat demand for the Xzero module results from the reduced heat transfer across the condensation plate in comparison to the other module, though the Xzero showed severe heat losses from the frames and cover to the surrounding atmosphere by free convection [8] . For both types of MD systems, it is evident that a lower temperature difference across the module reduces performance, including the permeate flux and exergy efficiency.
As the pressure drop across the AGMD modules is low (0.01 to 0.02 MPa) and mass balance is achieved across the MD unit, exergy losses from pressure and concentration changes are not significant. Hence, the major contributor to the exergy destruction is the heat loss from the modules to the surroundings and the latent heat transferred with the permeate. The heat transfer rates across the module can be assisted by employing condensation plates with good heat conduction, minimizing heat losses to the module frames and covers, and using membranes of lower heat conduction properties.
Considering each component of the MD system as open, the exergy destruction contributions can be pinpointed. Doing so will enable system designers to optimize the performance of the components. The result from calculations of exergetic destruction contributions of each component from both MD systems is summarized in Figure 8 . The maximum fraction of exergy destruction in both MD types comes from the MD modules. However, the percentage is higher for the Xzero module (58%) than for the Elixir500 (43%). The pumps are in both cases the lowest contributors of exergy destruction. The re-concentrating tank contributed 34% of the exergy destruction to the Elixir500 unit, which was caused by the heat losses through the steel wall and evaporation occurred through openings in the cover as source of heat was electric heaters. Even though in both types of MD modules it is found that the MD modules contribute the highest exergy destruction, the Elixir500 modules showed a lower percentage than those of the Xzero. The lower percentage of exergy destruction for the Elixir500 MD module is mainly due to the improved heat transfer capability of the condensation plates used and hence the higher degree of heat recovery from the cooling side of the module.
Appl. Sci. 2017, 7, 301 9 of 11 the module can be assisted by employing condensation plates with good heat conduction, minimizing heat losses to the module frames and covers, and using membranes of lower heat conduction properties. Considering each component of the MD system as open, the exergy destruction contributions can be pinpointed. Doing so will enable system designers to optimize the performance of the components. The result from calculations of exergetic destruction contributions of each component from both MD systems is summarized in Figure 8 . The maximum fraction of exergy destruction in both MD types comes from the MD modules. However, the percentage is higher for the Xzero module (58%) than for the Elixir500 (43%). The pumps are in both cases the lowest contributors of exergy destruction. The re-concentrating tank contributed 34% of the exergy destruction to the Elixir500 unit, which was caused by the heat losses through the steel wall and evaporation occurred through openings in the cover as source of heat was electric heaters. Even though in both types of MD modules it is found that the MD modules contribute the highest exergy destruction, the Elixir500 modules showed a lower percentage than those of the Xzero. The lower percentage of exergy destruction for the Elixir500 MD module is mainly due to the improved heat transfer capability of the condensation plates used and hence the higher degree of heat recovery from the cooling side of the module. A literature search for exergy efficiency analyses for related water purification processes, such as RO, revealed wide discrepancies in the values. Table 2 summarizes exergy efficiency for some of the standalone and integrated processes. In contrast to MD, the majority of the exergy rates in RO are derived from the high pressures involved, i.e., 15-25 bars for brackish water and 60-80 bars for seawater, hence the related pressure drop as reflected in improved efficiencies when a pressure exchanger is considered [19] . The very low exergy efficiency of MD reported [4] was from the one powered by solar, and the high exergy losses were due to the MD and heat exchanger units. The MD units' exergy efficiency values are relatively closer to each other than with RO. If we make comparisons between systems of similar processes and capacities, we see, for example, that the MD with a capacity of 0.3 m 3 /day [4] and Elixir500 from the present study have comparable exergy efficiency. A literature search for exergy efficiency analyses for related water purification processes, such as RO, revealed wide discrepancies in the values. Table 2 summarizes exergy efficiency for some of the standalone and integrated processes. In contrast to MD, the majority of the exergy rates in RO are derived from the high pressures involved, i.e., 15-25 bars for brackish water and 60-80 bars for seawater, hence the related pressure drop as reflected in improved efficiencies when a pressure exchanger is considered [19] . The very low exergy efficiency of MD reported [4] was from the one powered by solar, and the high exergy losses were due to the MD and heat exchanger units. The MD units' exergy efficiency values are relatively closer to each other than with RO. If we make comparisons between systems of similar processes and capacities, we see, for example, that the MD with a capacity of 0.3 m 3 /day [4] and Elixir500 from the present study have comparable exergy efficiency. 
Concluding Remarks
The exergy efficiency analyses that were carried out on pilot scale and bench MD systems illustrate the performance of the separation technologies based on useful energy, i.e., exergy. The AGMD systems tested showed different exergy efficiencies mainly due to the differences in module size and the type of condensation plates used. The exergy efficiencies were also affected to different degrees by the feed-coolant temperature differences in both types of modules. For the Xzero MD module, the exergy efficiency was not significantly affected by the difference in temperature across the module, whereas, for Elixir, a higher temperature difference across the module yielded higher exergy efficiencies and lower exergy destruction. The exergy efficiency results showed that the materials selection of the condensation plate plays a role in optimizing the performance of MD systems. This is clearly an important part of the MD system design and optimization, as the MD module contributes to the majority of the exergy destruction. Materials that could be considered for optimum heat transfer across modules and hence less exergy destruction from MD modules include stainless steel and high density polyethylene, which have better thermal conductivities than polypropylene. The selection of membrane and support material should also be considered when designing MD modules, as membrane and support materials, unlike condensation plates, should have less thermal conductivity for better thermal efficiency of modules.
